increased potassium conductance (Pleurobranchea: Green and Gillette, 1983 ; Aplysia: Levitan and Adams, 198 1; Pellman and Carpenter, 198 1; Benson and Levitan, 1983; Ewald and Eckert, 1983; Helix: Deterre et al., 1981; Ewald et al., 1985) , decreased potassium conductance (Helix: Swandulla and Lux, 1984 ; Aplysia: Siegelbaum et al., 1982; Kaczmarek and Strumwasser, 1984; Strong, 1984; Walsh and Byrne, 1984) , and increased sodium or sodium/calcium conductance (gastropods: Connor and Hockberger, 1985; Helix: Doroshenko et al., 1984; Solntseva and Bezrukova, 1985; Aplysia: Pellman and Carpenter, 198 1) . In Apfysia sensory neurons, 5-HT has been shown to regulate a potassium channel by CAMP-dependent protein phosphorylation (Camardo et al., 1983) .
In vertebrate neurons and cells, modification of intracellular CAMP has been shown also to have varied effects (Kupfermann, 1980; Levitan, 1986) . In Xenopus, CAMP increased both potassium and sodium conductances (oocytes: Van Renterghem et al., 1985 ; node of Ranvier: Seelig and Kendig, 1982) . In cardiac cells, calcium current was enhanced by an epinephrinesensitive adenylate cyclase (Reuter, 1983) . In mouse neuroblastoma cells, adenosine and prostaglandin E, , which are known to increase CAMP levels, potentiated an ACh-induced hyperpolarization (Tsunoo and Narahashi, 1984) . In a fibroblast cell line, prostaglandin E, increased intracellular CAMP (Kelly et al., 1974) . This prostaglandin E,-stimulated increase in CAMP was partially inhibited by 2',5'-dideoxyadenosine (Bruns, 1980) . In mutant hamster ovary cells, gap junctional permeability appears to be regulated by a CAMP-dependent protein kinase (Wiener and Loewenstein, 1983) . Dunlap (1985) reported that forskolin, an adenylate cyclase activator (Seamon and Daly, 198 l) , decreased voltage-dependent potassium current in cultured chick sensory neurons. Purified sodium ion channels from rat brain (Costa et al., 1982) and ACh receptor/channel from Torpedo (Huganir and Greengard, 1983) have been shown to be phosphorylated by CAMP protein kinase in vitro. The phosphorylation does alter an appropriate ionic flux (Na+: Costa and Catterall, 1984) , although the physiological correlate to normal channel functioning has yet to be established.
We have investigated alterations in the duration and configuration of action potentials recorded from mouse dorsal root ganglion (DRG) neurons in culture produced by compounds that stimulate the hormone-sensitive adenylate cyclase system. We report that these compounds increased calcium-dependent action potential duration and suggest that the action potential prolongation is due to reduction of a voltage-dependent potassium conductance. These results have been presented previously in abstract form (Grega and Macdonald, 1985) .
Materials and Methods
Neuronal cultures were prepared, as previously described (Ransom et al., 1977) by dissecting spinal cords with attached DRG from 12-to 14-d-old fetal mice, mechanically dissociating the tissue, and plating the resultant cell suspension on 35 mm collagen-coated plates at a density of L/4 spinal cord per plate. Initial culture medium consisted of 73% Eagle's minimum essential medium, NaHCO, (1.5 g/liter), glucose (5.5 g/liter), 9% horse serum, 9% fetal calf serum (Gibco), and 9% NuSerum (Collaborative Research). Two days after plating the growth medium was modified to 9OW Eagle's minimum essential medium with NaHCO, and glucose, 5% horse serum, and 5% NuSerum. Five days after initial plating, 5'fluoro-2'-deoxyuridine and uridine were added to the cultures to inhibit the division of non-neuronal background cells. All culture media were changed 3 times weekly and contained nerve growth factor at a concentration of 5 t&ml to promote survival and growth of DRG neurons. Three-to six-week-old cultures were used in electrophysiological experiments.
Intracellular recording. For electrophysiological study, cultures were placed on the heated stage (33°C) of an inverted phase-contrast microscope, which allowed neuronal impalement by a recording micropipette under visual observation. DRG neurons were identified by their distinctive morphology (Ransom et al., 1977) . Intracellular recordings were obtained from DRG neurons using high-resistance (20-50 MQ) micropipettes filled with 4 M potassium acetate (KAc) or 3 M cesium acetate (CsAc), a potassium channel blocker. A modified bridge circuit allowed "simultaneous" current passage and voltage recording using single micropipettes. During impalement with a CsAc micropipette, the membrane potential decreased to 0 to -20 mV, input conductance decreased, action potential duration increased to 100 to 600 msec, and the afterhyperpolarization was abolished, consistent with substantial reduction of potassium conductance following intracellular cesium injection.
For recording, neurons were bathed in a Tris-buffered saline (TBS) solution (pH 7.3, 320 mOsm) that contained the following (in mM): NaCl, 142.5; KCl, 5.3; MgCl, , 0.8; CaCl, , 5.0; glucose, 5.6; Tris, 13.0. In most experiments, tetraethylammonium chloride (TEA), 5.0 mM was added to the TBS medium (TBS-TEA). TEA, which decreases some voltage-dependent potassium conductances (Armstrong and Binstock, 1965) was used to increase the duration of the calcium component of DRG neuron action potentials. Evaporation with associated increased osmolality was prevented by placing a thin coat of mineral oil over the recording medium.
Following impalement of DRG neurons and stabilization of membrane potential, brief (500 psec) depolarizing current pulses were applied to evoke action potentials at a frequency of 4/min. The action potentials had an early (< 3 msec) sodium-dependent component and a long calcium-dependent component. Action potentials were evoked before and after drug application and were recorded on photographic film. Action potential duration was measured from the stimulus onset to the time when the original membrane potential was restored. Afterhyperpolarizations were not included in the duration measurement. Membrane potential was monitored on a polygraph.
Drugs. Drug dilutions in recording buffer were made immediately prior to use. Forskolin (Calbiochem, La Jolla, CA) (10 mM) was dissolved in dimethyl sulfoxide (DMSO), aliquoted, and frozen. Application of a DMSO control dilution (1:lOO) produced less than a 4% change in action potential duration. Cholera toxin, prostaglandin E,, theophylline, and CAMP analogs were obtained from Sigma Chemical Company (St. Louis, MO). Cholera toxin was reconstituted at 1 mg/ml for a stock solution and kept refrigerated. Prostaglandin E, (10 mM) was dissolved in DMSO, aliquoted, and frozen. Solutions of 2',5'-dideoxyadenosine. obtained courtesv of Dr. Fred Bruns (Warner-Lambert, Ann Arbor, MI), and of theophylline were made immediately before use. The AMP analogs, N6,-2'-0-dibutyryladenosine 3':5'-cyclic monophosphate (DbcAMP), and 2'-0-monobutyryl-8-bromoadenosine 3':5' cyclic monophosphate (8BcAMP), and 8-(4-chlorophenylthio)-adenosine 3':5'-cyclic monophosphate (CPTcAMP) were made fresh and kept as frozen stocks of 10 mM in distilled water.
Drug application by pressure ejection. Drug solutions were applied by pressure ejection (0.8 psi) from micropipettes (with tip diameters of 2-5 pm) prior to evoking an action potential. Drug-containing pipettes were positioned to within 5 pm of the cell soma immediately prior to pressure application and were then removed horn the cell environment. In TBS medium, forskolin and cholera toxin were ejected for 5 set at 7 set prior to evoking an action potential. In TBS-TEA medium, the duration of drug application varied with the different substances. Forskolin was delivered for 1 set ejection at 5 set prior to evoking an action potential; cholera toxin for an ejection of 3 set at 6 set prior to evoking an action potential; prostaglandin E,, 2 set ejection at 6 set prior to action potential; and the cyclic nucleotides, 4 set at 7 set prior to action potential. The delivery of drug solution was optimized to obtain a consistent response while minimizing mechanical artifacts associated with delivery during an action potential. Three to 4 min were allowed to elapse between drug applications.
Results
DRG neuron action potentials were previously determined to have 2 components:
An initial sodium-dependent component that was only partially blocked by TTX as well as a slower calcium-dependent component, which together resulted in action potential durations of 3-4 msec (Heyer and Macdonald, 1982) . To broaden the action potential and enhance the calcium component of the action potentials, a recording medium containing the potassium channel blocker TEA (5 mM) was used Forskolin, cholera toxin, and prostaglandin E, increased action potential duration Forskolin directly activates adenylate cyclase (Seamon and Daly, 198 l) , while cholera toxin indirectly activates adenylate cyclase by ADP ribosylation of Gs (Limbird, 198 1) . Forskolin (10 PM) and cholera toxin (10 &ml) increased action potential duration 30.5 and 21.2% (n = 9), respectively, when applied to neurons bathed in TBS medium. The increase was maximal on the first action potential after the application and returned to the control value within 1 min. However, action potential duration in TBS medium was brief (3-4 msec) and the calcium-dependent component small (< 1 msec). To facilitate quantitation of alterations in the duration of calcium-dependent component of the action potential, TEA was included in the recording medium to increase action potential duration (see Materials and Methods). In TBS-TEA medium, forskolin (10 PM) initially increased action potential duration with a decrease in the amplitude of the afterhyperpolarization (Fig. 1A) . The action potential prolongation, which was maximal on the first action potential after the 1 set application of forskolin, lasted for approximately 30-60 sec. Subsequent to the prolongation, the action potential duration passed through the original duration and shortened, usually with an increase in afterhyperpolarization (Fig. 1A) . The original action potential duration was regained within 2 min after forskolin application. The magnitude of the forskolin effect was dose dependent from 1 to 100 PM, with larger increases and subsequent decreases in action potential duration (Fig. 2) and decreases in afterhyperpolarization (Table 1) . Cholera toxin (10 &ml) mimicked the forskolin effect of action potential prolongation and shortening (Fig. 1B) . The action potential prolongation could be sustained with longer (seconds to minutes) application of forskolin or cholera toxin. Prostaglandin E, (1 mM), Figure 1 . Stimulation of the adenylate cyclase system increased action potential duration. Forskolin (FOR, 10 PM), cholera toxin (CT, 10 &ml), and prostaglandin E, (PGE,, 1 mM) were applied after evoking a control action potential (I) and prior to evoking a second action potential (2). Action potential duration was increased by all 3 compounds. The second action potential evoked following drug application was reduced (action potential 1 vs 3). Note the decrease in the afterhyperpolarization with action potential 2 and the subsequent increase in afterhyperpolarization with action potential 3.
which activates adenylate cyclase via a stimulatory membrane surface receptor (see Ross and Gilman, 1980) , also produced action potential prolongation and subsequent shortening but was less potent and less efficacious than forskolin or cholera toxin (Fig. 1C) .
The prolongation of DRG action potentials by forskolin was not associated with significant changes in membrane potential or membrane conductance. Forskolin (10 PM) was applied to DRG neurons prior to evoking an action potential, and action potential duration increased (Fig. 3AI) ; membrane potential was usually unaltered during or following forskolin application (Fig.  3142) . When membrane potential was held at -60 mV and no action potentials were evoked, application of forskolin produced a slight increase in resting membrane conductance (5.4% increase; n = 6; Fig. 3B ). Occasionally (2 of 6) a slight depolarization was associated with the change in conductance. Recovery to the control value was achieved within several minutes.
Increased action potential duration partially blocked by 2:5'-dideoxyadenosine The adenylate cyclase inhibitor 2'5'dideoxyadenosine was used to assess the effect of reducing adenylate cyclase activity. Forskolin (10 PM; Fig. 4AI ) and cholera toxin (10 Kg/ml; Fig. 4A2 were applied to DRG neurons, and action potential durations increased. Often, action potential duration gradually increased over time, as can be seen by comparing control (1) action potential durations in Figure 4 , A and B. The percentage changes from control duration were compared. 2',5'-Dideoxyadenosine (100 PM) was applied via a large-bore micropipette 1 min prior to and during the application of forskolin and cholera toxin. 2',5'-Dideoxyadenosine partially inhibited both forskolin ( Fig.  4BZ ) and cholera toxin (Fig. 4B2) effects. Several minutes after removal of 2',5'-dideoxyadenosine, forskolin ( Fig. 4C1 ) and cholera toxin (Fig. 4C2) were reapplied, and the percentage increase in action potential duration was comparable to that observed before 2',5'-dideoxyadenosine application. 2',5'-Dideoxyadenosine inhibited action potential prolongation produced both by forskolin (by 38%; n = 6) and by cholera toxin (by 42.3%; n = 4), with mixed results (enhancement and inhibition) on the subsequent shortening. The blockade of forskolin and cholera toxin actions by 2',5'-dideoxyadenosine was always reversible.
CAMP analogs prolonged action potential duration Application of analogs of CAMP (8BcAMP, DbcAMP, and CPTcAMP) yielded mixed results. 8BcAMP (1 mM) was the most effective of the 3 analogs with a 16.8% increase in action potential duration and a subsequent 9.2% decrease in action potential duration (n = 7; Fig. 5A ). DbcAMP resulted in 8.2% ( 10 PM, n = 4) and 11.1% (100 FM, n = 4) action potential duration increases, but inconsistent results at 1 mM. Application of CPTcAMP (1 mM) also gave inconsistent effects on action potential duration.
Theophylline prolonged the action of forskolin on action potential duration Theophylline, a phosphodiesterase inhibitor, was used to block degradation of CAMP produced following forskolin activation Figure 3 . Application of forskolin (FOR) had little effect on resting membrane potential or conductance. FOR (10 PM) application (arrow) immediately prior to evoking an action potential elicited a large increase in action potential duration (AI) with the associated decrease in afterhyperpolarization (A2, bruckel). FOR application (between the arrows) to the same neuron produced little change in resting membrane conductance (B) as assessed with brief hyperpolarizing pulses.
of adenylate cyclase. Initially, theophylline (1 mM) was applied from a micropipette at the time of forskolin (10 MM) application. This approach, however, gave inconsistent results. Therefore, theophylline was bath applied (final concentration, 1 mM) midway through an experiment. Some neurons (n = 3) were impaled prior to (Fig. 5B1 ) and after theophylline (Fig. 5B2) to the bath and exhibited 170.9% enhancement of the forskolin response after bathing in theophylline. Recordings were also obtained from DRG neurons bathed in TBS-TEA medium with and without theophylline. Forskolin (10 PM) produced a 13 1.9% increase in action potential duration (n = 6) in medium containing theophylline compared to a 56.1% increase in action potential duration (n = 8) in control medium without theophylline.
Blockade of potassium conductance by intracellular cesium injection eliminated action potential prolongation by forskolin Forskolin decreased the amplitude of the afterhyperpolarization following action potentials (Fig. 1 , Table 1 ) and prolonged action potential duration, suggesting that forskolin reduced a potassium conductance. To confirm this, DRG neurons (n = 5) were impaled with CsAc micropipettes and time was permitted for diffusion of the cesium into the cell. Substantial block of potassium channels was produced, as indicated by a decrease in the membrane potential, a large reduction or loss of the afterhyperpolarization and an increase in the action potential duration to more than 200 msec. Two neurons were initially impaled with KAc-filled micropipettes and responded to forskolin (10 PM) application with 184% ( Fig. 6A1 ) and 60% ( Fig. 6BI ) increases in action potential duration. After reimpalement with CsAc-filled micropipettes, increases of only 1.8% (Fig. 6A2 ) and 1.1% (Fig. 6B2) were produced. Three other neurons were impaled only with CsAc-filled micropipettes. Forskolin produced a 5.9% increase in action potential duration compared to an average 50% increase in action potential duration from DRGs impaled with KAc-filled micropipettes (Fig. 2) .
Forskolin-induced increase in action potential duration was voltage dependent
The increase in action potential duration produced by forskolin was voltage-dependent in TBS medium. Following membrane depolarization to -20 to -40 mV, forskolin (100 PM) prolongation of action potentials was reduced by 73.6% (n = 5). Similar results were obtained in TEA-TBS medium. Application of forskolin increased action potential duration and reduced action potential afterhyperpolarization at membrane potentials greater than -50 mV (Fig. 7A) . Following membrane depolarization to less than -50 mV, action potential duration increased over cl. FOR I--I2 z several minutes and action potential afterhyperpolarization was reduced or abolished (Fig. 7B) . Following stabilization of the increased action potential duration, the forskolin effect was diminished (Fig. 7B) . Following membrane repolarization to greater than -50 mV, action potential duration was reduced to the control duration, and the action potential afterhyperpolarization reappeared. After action potential duration had stabilized, the forskolin effect returned and was comparable to that produced at the original membrane potential (Fig. 70 . The magnitude of the response to forskolin was relatively constant when action potentials were evoked from membrane potentials more negative than about -50 mV (Figs. 7, A, C, 8 ). However, with further membrane depolarization, the effect of forskolin on action potential duration was substantially reduced (Figs. 7B, 8) . At membrane potentials less negative than -40 mV, only small (< 20%) action potential prolongations were produced (Fig. 8) . Over the range of about -50 to -40 mV, the forskolin effect was steeply voltage dependent (Fig. 8) .
Discussion tion potential duration of mouse DRG neurons in cell culture. The potency of compounds proven to affect the adenylate cyclase system (stimulators such as forskolin, cholera toxin, and prostaglandin E,, as well as the inhibitor 2',5'-dideoxyadenosine), in addition to the effect of theophylline, suggested that the enhancement of action potential duration was due to an increase in intracellular CAMP and thus to activation of CAMPdependent protein kinase. The effectiveness of prostaglandin E, and cholera toxin suggest that excitatory hormone receptors are present on DRG neurons which are coupled to adenylate cyclase by G,. However, the observations presented in this paper do not unequivocally establish the presence of a hormone-regulated adenylate cyclase/cAMP-dependent protein kinase system. The effects of all stimulators, including cholera toxin, were rapid in onset (< 15) set and were rapidly reversible. Furthermore, an increase in CAMP concentrations produced by the stimulatory compounds has not been demonstrated to precede or to coincide with the electrophysiological effects. Thus, it is possible that the electrophysiological effects described here are unrelated to actions on the adenylate cyclase system.
Application of compounds that stimulate adenylate cyclase or The prolongation of action potential duration produced by application of CAMP analogs increased calcium-dependent acforskolin, cholera toxin, and prostaglandin E, was most likely -4OmV -72 mV Figure 7 . Action potential duration increase by forskolin was dependent upon membrane potential. Application of 10 PM forskolin produced an increase in action potential duration when membrane potential was held at greater than -70 mV (A I, A2). Forskolin was ineffective (BI) or less ineffective (B2) when the membrane potential was held at less negative potentials (< -50 mv). The response to forskolin returned when the membrane potentials were returned to more negative potentials (Cl, C2).
due to a decrease in a voltage-and/or calcium-dependent potassium conductance and/or an increase in a voltage-dependent calcium conductance. It is difficult to be certain which conductances were altered by forskolin, cholera toxin, and prostagIandin E,, without using the voltage-clamp technique. However, several observations suggest that the stimulatory compounds increased action potential duration, at least in part, by reducing a voltage-dependent potassium conductance. First, action potential prolongation was accompanied by reduction of the potassium-dependent afterhyperpolarization. Second, following membrane depolarization and reduction of the potassium-de-120 -l --q pendent afterhyperpolarization, the effect of forskolin was reduced or abolished. Third, injection of the potassium conductance blocker, cesium ion, abolished the effect of forskolin on action potential duration. In addition, Dunlap (1985) and D. S. Grega, M. A. Werz, and R. L. Macdonald (unpublished observations) have demonstrated that forskolin reduces a voltagedependent outward potassium current in DRG neurons. Several observations suggest that the forskolin, cholera toxin, and prostaglandin E, did not have a quantitatively major effect on calcium channels to prolong action potential duration. First, the effect of forskolin was blocked by intracellular cesium in--80 -60 -40
Membrane Potential (mV1 I 0 Figure 8 . Magnitude ofthe forskolin effect was voltage dependent. The magnitude of action potential duration prolongation as a percentage of the response at -90 mV is plotted as a function ofthe membrane potential. Forskolin was applied following stabilization of action potential duration at each membrane potential. There was a decrease in forskolin response at potentials less than -50 mV, the decreased response was reversible at more negative membrane potentials. The means f SEM are plotted for 6 neurons in response to 10 m forskolin.
jection without altering the potential from which action potentials were evoked. Second, following membrane depolarization to less than -50 mV, calcium conductance was not fully inactivated (Nowycky et al., 1985) and calcium-dependent action potentials with less than maximal duration (i.e., < 1000 msec) were evoked. However, the forskolin effect was reduced or abolished at these holding potentials. Third, minimal or no elevation of the action potential plateau was produced by forskolin following intracellular cesium injection or membrane depolarization. Thus, forskolin had no effect under conditions where potassium conductance was blocked but submaximally long calcium-dependent action potentials could be evoked over a range of holding potentials. These observations suggest that the predominant effect of forskolin was not on calcium conductance. While these observations do not exclude an effect of forskolin on calcium conductance, they suggest that forskolin does decrease a potassium conductance and that the action potential is prolonged, in large part, due to reduction of potassium current. Confirmation of the identity of the potassium conductance remains to be determined by voltage-clamp experiments. Based on previously published studies (for review, see Levitan, 1986) , it is likely that multiple types of ion channels are modified by CAMP, and the effect on action potential duration in any given cell type would depend on the relative effect on the different types of channels.
The CAMP analogs did not demonstrate as definitive effects as forskolin, possibly because of difficulty crossing the cell membrane. The fact that prostaglandin E, was less potent than forskolin or cholera toxin might be due to less than completely effective coupling between prostaglandin E, receptors and G, proteins. In rabbit superior cervical ganglion neurons, prostaglandin E, inhibited calcium-dependent potentials (MO et al., 1985) . The basis for the difference between these studies is unclear. While DRG neurons have a stimulatory prostaglandin E, receptor, it is unclear whether adenosine (Macdonald et al., 1986) , catecholamine (Dunlap and Fischbach, 1978) , or opiate Macdonald, 1983, 1985) effects on DRG neuron calcium-dependent action potential duration are mediated by receptors coupled to adenylate cyclase.
The delayed shortening of action potential duration following forskolin application may be due to activation of a calciumdependent potassium conductance or reduction of calcium conductance. The calcium-dependent potassium conductance could be stimulated by the increase in intracellular calcium produced by prolongation of the calcium-dependent action potential.
CAMP-dependent modulation of potassium channels is well documented in invertebrate neurons. In ApZysia abdominal ganglion sensory neurons, the transmitter 5-HT elevated CAMP, which, via a protein kinase, decreased a potassium conductance. The actual closure of single potassium channels by 5-HT and CAMP is well established (Siegelbaum et al., 1982) . The resulting increase in action potential duration underlies the behavioral sensitization of the gill-withdrawal reflex (see Kandel and Schwartz, 1982) . In ApZysiu bag cells, elevated levels of CAMP depress both the delayed rectifying potassium and early transient potassium currents (Kaczmarek and Strumwasser, 1984; Strong, 1984) . In Helix, CAMP decreased potassium permeability (Swandulla and Lux, 1984) , while in Pkurobranchaea, CAMP appeared to depress a calcium-activated potassium current (Gillette et al., 1982) .
In vertebrate cells, elevated adenylate cyclase activity/CAMP levels tend to increase conductances: Calcium conductance in cardiac tissue (Reuter, 1983) , gap junctional permeability in ovary cells (Wiener and Loewenstein, 1983) , and induced hyperpolarization in neuroblastoma cells (Tsunoo and Narahashi, 1984) . However, for chick sensory neurons, Dunlap (1985) reported that forskolin decreased a voltage-sensitive potassium conductance. Forskolin was effective over the same concentration range (l-100 PM) in chick (Dunlap, 1985) and mouse DRG neurons. Thus, there appears to be a similarity in the response of sensory neurons, regardless of phyletic affiliation, to increased adenylate cyclase activity, i.e., decreasing a potassium conductance. Further investigation utilizing whole-cell and isolated patch-clamp techniques should provide more information concerning the similarities and differences between the adenylate cyclase systems of vertebrate and invertebrate neurons.
